The aims of this study were to describe associations of time of year, and herd size with cow somatic cell count (SCC) for Irish, English, and Welsh dairy herds. Random samples of 497 and 493 Irish herds, and two samples of 200 English and Welsh (UK) herds were selected. Random effects models for the natural logarithm of individual cow test day SCC were developed using data from herds in one sub-dataset from each country. Data from the second sub-datasets were used for cross validation.
Introduction
For individual dairy producers, treatment costs, production losses, and reduced sale value of high somatic cell count (SCC) milk are well known consequences of mastitis (Halasa et al., 2007) . In the dairy processing industry, increased SCC is associated with both shortened shelf life of pasteurised milk (Santos et al., 2003) , and reduced cheese yields (Barbano et al., 1991) . Seasonal increase in bulk milk SCC (BMSCC) supplied to dairies has been reported from Ireland (Berry et al., 2006) and from England and Wales (Green et al., 2006b) , reducing the ability of these countries to meet demand for high quality milk products.
In general BMSCC is highest in spring and summer in those countries where calving patterns are non-seasonal, such as England and Wales (Green et al., 2006b) , Canada (Sargeant et al., 1998; Olde Riekerink et al., 2007) and Holland (Barkema et al., 1998; Lievaart et al., 2007) , and is possibly related to the influence of higher temperature and humidity on intramammary infection (IMI) risk (Morse et al., 1988) . In Ireland, however, BMSCC is generally lowest during April, and highest in November (Berry et al., 2006) , because spring-calving predominates in this country. BMSCC in Ireland is therefore lowest when most milk is produced, but this may not reflect udder health, because cow level SCC dynamics associated with IMI may be masked by dilution (Green et al., 2006a) . A key time for the occurrence of new infections in Irish dairy herds may therefore be overlooked if monitoring strategies use only BMSCC.
Increasing herd size is common throughout the developed dairy industry worldwide; producers hope to benefit from economies of scale accrued from lower investments per cow, lower variable costs per unit of production, and increased labour efficiency (Bailey et al., 1997) . Larger herds in the US have been reported to have lower cow level average SCC compared to smaller herds (Oleggini et al., 2001) , however, large Dutch herds have been reported to have higher BMSCC (Barkema et al., 1998) . In general, Irish, English, and Welsh dairy herds are increasing in size (DairyCo, 2010; ICBF, 2010) , and it is important for these industries to evaluate the effect on SCC.
The aims of this research were twofold. Firstly, we wished to investigate the association between time of year and cow SCC, particularly in Irish dairy herds after accounting for stage of lactation. Secondly, we evaluated the association between herd size and cow SCC in Irish, English, and Welsh dairy herds in order to assess the impact of herd expansion on SCC.
Materials and methods

Data
Data from 2005 to 2009, comprising 11,619,287 records from 964,612 cows in 8095 Irish herds, were provided by Irish Cattle Breeders Federation, and restricted to remove impossible values (Table 1) . For each herd year, the mean number of cows present per test day was determined (herd size); herds with a mean of 610 cows were excluded. The minimum proportion of cows present per test day in each herd year had a distribution with distinct modes at 0.05 and 0.65. It was deemed that there were differences between recordings with a low minimum proportion of the herd present at a test date, compared to the majority (possibly associated with purchased cows), and 0.7% of recordings were excluded in which <10% of the mean annual number of cows were present. For inclusion, P4 herd test day recordings per year were required; 5% of herd years not meeting this criterion were excluded. The cleaned dataset (Ire_dat) contained 10,181,545 recordings from 1,938,359 lactations in 860,563 cows, in 7551 herds.
A second dataset was available for English and Welsh (UK) herds from 2004 to 2006, provided by National Milk Records. Selection criteria for this dataset have been described in detail (Madouasse, 2009) . Briefly, herd years with at least 10 test dates based on P20 cows were included, and those with factored data were removed. At least 80% of cows were Holstein or Friesian breeds. The data were limited (Table 1 ) and the final dataset (UK_dat) contained 6,772,182 records from 953,242 lactations in 474,669 cows in 2128 herds.
Descriptive statistics
Since not all variables were normally distributed, median and interquartile ranges (IQRs) were evaluated for each variable. The numbers of cows (parity 1 and >1) calving in each calendar month were determined. Herd level geometric means of test day SCC were calculated for cows by lactation month (1-10), and parity (1 and >1), because lactation curve shape differed mostly between these groups. For each calendar month j, in each herd k, BMSCC was approximated by the arithmetic mean of the yield corrected SCC from test day records i as:
where P = sum of, and TDY = test day milk yield. Estimated BMSCC was compared with the cow level data, both before and after adjustment for the confounding influence of stage of lactation, and milk yield in the following models.
Model development
Random effects models that include random effects in addition to fixed effects were used to account for a lack of independence due to clustering in the data. Models were constructed using Ire_dat SUB1 and UK_dat SUB1 ; natural logarithm (ln) SCC at the test day level for individual cows was the outcome variable used to ensure normality of residuals. The models took the form;
where y ijkl = ln SCC at test day i, in parity j, for cow k, in herd l, a = intercept value, X ijkl = matrix of test day variables, b 1 = vector of coefficients for X ijkl , X jkl = matrix of parity variables, b 2 = vector of coefficients for X jkl , X kl = matrix of cow variables, b 3 = vector of coefficients for X kl , X l = matrix of herd variables (including polynomials of herd size), b 4 = vector of coefficients for X l , f l = matrix of random effects to account for herd level variation in a, and fixed effect coefficients for calendar month (multivariate normal distribution with mean = 0 and covariance matrix P f ), v kl = random effect to account for variation between cows (normal distribution with mean 0 and variance r 2 v ), u jkl = random effect to account for variation between parities (normal distribution with mean 0 and variance r 2 u ), and e ijkl = residual level 1 error (normal distribution with mean 0 and variance r 2 e ). Model parameters were estimated by the iterative generalised least squares procedure (Goldstein, 2003) , using MLwiN 2.22 (Rasbash et al., 2009) .
Categorical variables were constructed for year, calendar month, and parity (1 to 5+). To account for dilution of SCC with increased TDY on a linear scale, and reduced TDY with increased SCC due to IMI on an exponential scale (Green et al., 2006a) , ln TDY and ln ln TDY were included as the outcome of the models was ln SCC. Stage of lactation was included as days in milk (DIM) + e À0.065 Â DIM (Silvestre et al., 2006) . Biologically plausible interactions, and herd level variation in fixed effects were assessed. Variables remained in the model if the mean value of coefficients was more than twice the standard error (P 6 0.05), and their inclusion resulted in a decrease in the deviance. Intra-class correlation coefficients (ICCs) for the unexplained variance at each level of the model were calculated (Dohoo et al., 2009 ).
Assessment of model fit
To assess model fit, distributions of standardised residuals at the herd, cow, parity, and recording level were examined for normality. Further checking used within model predictions; fixed effects were applied to each line of Ire_dat SUB1 and UK_dat SUB1 to predict ln SCC. Predictions were compared graphically to observed data, and residuals checked for normality, and correlation (r 2 ; Petrie and Watson, 2004 
Results
Descriptive statistics
Summaries of TDY, test day fat proportion (TDF), test day protein proportion (TDP), SCC, and herd size are presented in Table 2 . In Ire_dat, 25%, 50% and 25% of recordings were from cows in parities 1, 2-4, and P5 respectively. In UK_dat, 22%, 53%, and 25% of recordings were from cows in parities 1, 2-4, and P5 respectively. Calving patterns also differed (Fig. 1) ; 59% and 56% of parity 1 and parity 2+ cows' calving dates were from January to March in Ire_-dat. In UK_dat, 64% and 58% of parity 1 and parity 2+ cows' calving dates were from July to December.
The median herds' geometric means of cow SCC for primiparous, and multiparous cows by month of lactation, and the full distributions are shown in Table 3 and Fig. 2 respectively. Distributions of approximate herd level BMSCC by calendar month, based on sub-datasets; Ire_dat SUB1 and UK_dat SUB1 are shown in Fig. 3 . For the Irish herds, geometric mean BMSCC was lowest in April (223,000 cells/mL), and highest in November and December (314,000 cells/mL). For the UK herds, geometric mean BMSCC was lowest in January (176,000 cells/mL) and highest in August (205,000 cells/mL). Table 4 shows the fixed effect coefficients in the final models for ln SCC, developed from Ire_dat SUB1 and UK_dat SUB1 . Having accounted for stage of lactation and TDY, October was associated with lowest ln SCC in both models, and was set as the reference. Calendar month interacted with stage of lactation, and parity. For baseline cows (parity 2, mean TDY, TDF, and TDP, and in herds of mean size) in Irish herds (Fig. 4) , geometric mean SCC was highest from February to August, independent of stage of lactation; for cows that were 100 DIM, geometric mean SCC peaked at 111,000 (95% confidence interval [CI] ; 92,000-133,000) cells/mL during May, and was 61,000 (95% CI; 56,000-66,000) cells/mL in October. For baseline cows in UK herds (Fig. 4) , geometric mean SCC was highest from January to June; for cows that were 100 DIM, geometric mean SCC was highest during February and June, at 84,000 (95% CI; 71,000-100,000) cells/mL, and was 66,000 (95% CI; 60,000-72,000) cells/mL in October. Random effects and ICC from the models (Table 5) show additional herd level variance in ln SCC from February to August; this was larger for the Irish than the UK herds. As a result, less total variance in ln SCC in the null model (Table 6) was explained by the fixed effects in the Irish model from February to August (11-13%), compared to September to January (16%). For the UK model, 11-13% of the total variance in ln SCC in the null model was explained by the fixed effects all year round. Following adjustment for confounding influences, there was a non-linear relationship between herd size and test day SCC, included in the final Irish and UK models as 3rd and 2nd degree polynomials respectively (Fig. 5) . For herd sizes of up to 130 cows, test day SCC for baseline cows (parity 2, 5 DIM, recorded in October with mean TDY, TDF, and TDP) in Irish herds remained at 63,000 (95% CI; 59,000-68,000) cells/mL. Further increase in herd size was associated with non-linear increase in test day SCC; reaching 68,000 (95% CI; 59,000-89,000) cells/mL with a herd size of 300 cows. In UK herds, test day SCC decreased for baseline cows in herds of up to 130 cows; reaching 60,000 (95% CI; 57,000-65,000) cells/mL, and this was maintained in herd sizes up to 180 cows. For larger herds, test day SCC increased with increasing size at a higher rate than for the Irish herds; also reaching 68,000 (95% CI; 59,000-77,000) cells/mL with a herd size of 300 cows. For the Irish herds, there was more uncertainty in these estimates that increased with increasing herd size from 130 cows, due to relatively few larger herds compared to the UK dataset. For the UK herds, uncertainty in the estimates, increased with increasing herd size, particularly for >230 cows.
Model results
Model fit
For Ire_dat SUB1 and UK_dat SUB1 , standardised residuals were distributed approximately normally at all levels, suggesting good model fit. For the Irish and UK within model predictions, lines of best fit between predicted and observed ln SCC had intercepts of , lines of best fit between predicted and observed ln SCC had intercepts of 0.6 and 1.2, and slopes of 0.9 and 0.7 (r 2 = 0.14 Irish and 0.12 UK), indicating zero shrinkage on cross validation, suggesting that the model results can be generalised to herds not involved in parameter estimation (Dohoo et al., 2009 ). However, the models were not good at predicting extremes of SCC in either sample datasets, resulting in low r 2 values.
Discussion
Association between season and SCC
The association between calendar month and cow SCC was of particular interest in the Irish dataset. When confounding by stage of lactation and TDY were removed, the underlying values of cow SCC were highest, and most variable from February to August, despite BMSCC being at its lowest at this time in Irish herds. Despite the limited number of years studied, seasonal patterns in SCC dynamics for both datasets were therefore consistent with previous observations (Green et al., 2006b; Lievaart et al., 2007; Olde Riekerink et al., 2007) , with underlying cow SCC being increased and more variable during spring and summer. In addition to an association with high SCC, infection status is reported to be the most important factor influencing SCC variance (Schepers et al., 1997) . Having adjusted for other confounding factors, unexplained variation in SCC is therefore most likely to be attributable to increased new IMI rate (resulting in low r 2 values). Inclusion of herd level random coefficients between February and August demonstrated additional unexplained variation in cow SCC that was herd specific suggesting that there is important between herd variation in the rates of new IMI and cures during these months. Monitoring new IMI rate using SCC thresholds is recommended (Bradley and Green, 2005) so that control measures can be applied and adapted as necessary. It thus appears important to characterise differences in rates of new IMI between Irish herds so achievable targets, based on individual cow SCC can be used to improve udder health management.
Association between herd size and SCC
In general, increase in herd size was associated with increased cow SCC, although thresholds for the increase differed between the countries. This suggests more attention is required to optimise udder health management as herds increase cow numbers. These findings contrast with the previously observed lower average SCC with increasing herd size in a dataset with a higher frequency of larger herds (Oleggini et al., 2001) , but are consistent with Dutch experience (Barkema et al., 1998) .
For typical ranges of Irish, English, and Welsh herd sizes, the results suggest that expansion may be associated more with penalties, and loss of efficiency, than economic advantage in terms of SCC. The size of this effect on geometric mean cow SCC was small, and uncertainty increased with herd size, however the 95% CI indicate that for Irish herds, increased herd size was more likely associated with higher, than lower cow SCC (Fig. 5) .
Risk of transmission of udder pathogens during milking may increase with herd size, as more susceptible quarters could be exposed. Poor management of higher pasture stocking rates in larger herds could contribute to increased risk of Streptococcus uberis IMI (Lopez-Benavides et al., 2009) . Capital investments in improved facilities requires a critical herd size such that the fixed cost per cow is acceptable, and many Irish, English, and Welsh herds may not have reached this point. More labour units are required by larger herds, although the number of labour units per cow is less, emphasising the importance of farm staff developing expertise in cow management. 
Conclusions
After correcting for stage of lactation and TDY, SCC for cows in Irish, English and Welsh dairy herds was higher and more variable in spring and summer, than autumn and winter. For Irish dairy herds, monitoring individual cows is particularly important in spring and summer, despite low BMSCC, and farmers should not be complacent about udder health at this time. Increasing herd size was associated with a non-linear increase in cow SCC in these countries, highlighting an important area that may influence cost effective dairy herd expansion.
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